The thermal degradation of flexible polyurethane foam has been studied under different conditions by thermogravimetric analysis (TG), thermogravimetric analysis-infrared spectrometry (TG-IR) and thermogravimetric analysis-mass spectrometry (TG-MS). For the kinetic study, dynamic and dynamic+isothermal runs were performed at different heating rates (5, 10 and 20 ºC min -1 ) in three different atmospheres (N 2 , N 2 :O 2 4:1 and N 2 :O 2 9:1). Two reaction models were obtained, one for the pyrolysis and another for the combustion degradation (N 2 :O 2 4:1 and N 2 :O 2 9:1), simultaneously correlating the experimental data from the dynamic and dynamic+isothermal runs at different heating rates. The pyrolytic model considered consisted of two consecutive reactions with activation energies of 142 and 217.5 kJ mol -1 and reaction orders of 0.805 and 1.146.
A C C E P T E D M A N U S C R I P T sample employing TG-IR and TG-MS, the results obtained showed that the FPUF, under an inert atmosphere, started the decomposition breaking the urethane bond to produce long chains of ethers which were degraded immediately in the next step.
However, under an oxidative atmosphere, at the first step not only the urethane bonds were broken but also some ether polyols started their degradation which finished at the second step producing a char that was degraded at the last stage.
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Nomenclature table α i
Conversion degree in the reaction i DTG max Maximum value in the Derivative Thermogravimetric curve E i Activation energy for the reaction i FPUF Flexible Polyurethane Foam k i Kinetic constant for the reaction i K i * Compatible kinetic constant for the reaction i k i0 Pre-exponential factor of the Arrhenius equation for the reaction i k' i0 Pre-exponential factor of the Arrhenius equation corrected with the effect of the oxygen for the reaction i MDI Methyl Diphenyl Diisocyanate n i Reaction order for the reaction i N total Total number of experimental data employed in the optimisation P Number of optimised parameters P O2 Partial pressure of oxygen in the atmosphere PU Polyurethane R Gas constant (J mol -1 k -1 ) TDI Toluene Diisocyanate TG Thermogravimetric analysis TG-IR Thermogravimetric analysis-infrared spectrometry TG-MS Thermogravimetric analysis-mass spectrometry T ref Temperature around the maximum decomposition rate υ i inf Mass fraction of volatiles that can be obtained at infinity time from the reaction i V exp Average of the experimental mass fraction of volatiles V i Mass fraction of volatiles at any time in the reaction i . The most used raw material components of polyurethane foams are polyethers and polyesther polyols, methyl diphenyl diisocyanate (MDI) and toluene diisocyanate (TDI) [1] . In addition, a variety of additives, blowing agents and water are added. Two different blowing agents are employed to the solidifying plastic, carbon dioxide and methylene chloride. While the carbon dioxide is produced in the reaction between the water and the isocyanate group, the methylene chloride (CH 2 Cl 2 ) is added as a supplementary blowing agent [2] .
Pyrolysis and combustion mechanisms and the characterization of polyurethane polymers have been studied by other authors previously. Herrera et al. [3] used thermogravimetric analysis-mass spectrometry (TG-MS) and thermogravimetric analysis coupled with fourier transformed infrared spectroscopy (TG-FTIR) to study the evolved gas analysis in the thermal degradation of the rigid polyurethane foam in a N 2 atmosphere, and they also characterized the products from the combustion and pyrolysis of samples (about 40 mg) in an oven by gas chromatography-mass spectrometry (GC- Another group of additives, which has been studied by different authors, are the fire retardants which are added to the polymer to stop or retard the burning process. Wang et al. [4] synthesized polyurethanes with different amounts of flame retardant poly(bispropoxyphosphazene) to study the thermal degradation behavior of these polyurethanes with TG and TG-FTIR. Gao et al. [5] applied laser pyrolysis and time-offlight mass spectrometry to the study of rapid thermal degradation of rigid polyurethane foams with different ranges of isocyanate and fire retardants. They deduced that the polypropylene glycol was the major flammable compound evolved during laser pyrolysis and the concentration of this compound in the volatiles reduced when the amount of isocyanate increased.
Chao and Wang [6] compared the effect of phosphorus and brominated fire retardants in thermal decomposition processes setting the different degradation steps in air and nitrogen, and also proposing thermal degradation mechanisms for the polyurethane.
Rogers and Ohlemiller [7] studied the thermal decomposition of a flexible polyurethane foam based on TDI and a polyether polyol of propylene oxide with the TG technique. In nitrogen atmosphere the decomposition proceeded in two overall steps. At the end of the first step the cellular structure collapsed to a viscid liquid which decomposed further in agreement with a random nucleation rate law. The activation parameters provided similar patterns to the experimental TG curves at heating rates of 2 and 20 ºC min -1 .
Day et al. [8] carried out an interesting study on the effect of copper, iron and dirt in the thermal degradation of PU. The results suggested that the presence of metal
contamination in this polymer could influence the thermal degradation. Specifically, it was found that certain metal contaminants could have a catalytic effect on the degradation processes.
Bilbao et al. [9] determined the kinetic equations of polyurethane foam weight loss and analysed the influence of the atmosphere, using nitrogen and air with a TG apparatus.
They also related the results of the kinetic constants obtained from isothermal and dynamic experiment.
Font et al. [10] studied the thermal decomposition of a polyurethane based adhesive in an inert atmosphere, using different apparatus, a thermobalance and a laboratory furnace to study the kinetics of decomposition and the evolution of gaseous products, respectively. The experimental results were described satisfactorily by a two-parallel reaction model and the kinetic parameters, that is, the pre-exponential factors, activation energies, reaction orders and maximum production of volatiles at an infinite time were also obtained. Gas chromatography-mass spectrometry (GC-MS) was used to identify volatile and semivolatile organic compounds generated by the thermal degradation reactions.
The main aim of this paper has been to propose two models to describe the pyrolysis and combustion degradation of flexible polyurethane foam (FPUF) wastes. In order to obtain a single set of kinetic parameters for pyrolysis and combustion, a wide range of runs were performed in each condition. In addition, the evolution of some compounds during the decomposition has been observed employing TG-MS and TG-IR.
Experimental
A C C E P T E D M A N U S C R I P T
Raw material
The FPUF studied was obtained from the mattresses disposed of in a landfill in Alicante, Spain. The moisture of the polyurethane foam used was 1.2% and the density was 19.62 kg m -3 , the value was within the range proposed by the Polyurethane Foam Association for mattress topper pads and upholstery [11] .
Elemental analysis, determined in a Perkin-Elmer 2400 apparatus, and the Net Calorific
Value determined using an AC-350 LECO Calorimetric Bomb, are shown in Table 1 . which is used as blowing agent [2] .
In order to characterize the real composition of the FPUF, the functional chemical groups were identified by attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy (BRUKER IFS 66/S). The ATR-FTIR was equipped with a single reflection Golden Gate accessory with a diamond crystal. The spectra were recorded within the range of 600-4500 cm -1 with a resolution of 1 cm -1 .
The spectrum obtained is shown in Error! Reference source not found. The FTIR spectra shows that the isocyanate (-NCO) absorption band centered at 2230 cm -1 is clearly missing while the presence of the amide absorption band (N-H) at 3294 cm -1 , carbonyl urethane group (C=O) centered around 1719 cm -1 and the carbamate group (CN-H) at 1641 cm -1 indicates the urethane linkage in the polyurethane [12] . This fact confirms that almost all of the diisocyanate groups reacted during the polymerization and formed urethane linkages and amide groups. On the other hand, the (C-O-C) asymmetric stretching peak at 1223 cm -1 and the (C-O-C) symmetric stretching peak at 1092 cm -1 represent the aliphatic ether, which confirm that a polyether polyol was used as raw material instead of polyesther polyol. The peak at 1534 cm -1 symbolises the (C-N) stretching and the (N-H) in plane bending of the Amide II, while the peaks at 1411 cm -1 and 1597 cm -1 are characteristic of the aromatic ring from diisocyanate. Finally, the peaks centered at 2971 cm -1 and 2868 cm -1 are assigned to symmetric and asymmetric stretching mode (C-H) in CH 2 and the peak 1373 cm -1 is characteristic of the out of plane bending mode (C-H) in CH 2 [13] . 
Apparatus

Thermogravimetric analysis (TG)
The thermogravimetric analysis (TG) was performed employing two different apparatus. For the pyrolysis runs a TGA/SDTA-6000 Perkin Elmer Thermobalance was employed. This apparatus has a vertical furnace and a single beam vertical balance. The flow rate of nitrogen gas was 100 cm 3 min -1 . Sample weights were around 7.5 mg. Dynamic experiments were carried out at different heating rates of 5, 10 and 20 ºC min -1 , from 30 ºC to a final temperature of 900 ºC.
Dynamic+isothermal experiments were also carried out. These experiments started with a constant heating rate until the set temperature was obtained, and then, the final temperature was maintained constant throughout the pyrolysis or combustion process for a long period of time. The final temperatures were selected to cover all the decomposition range observed in the dynamic experiments.
Thermogravimetric analysis-mass spectrometry (TG-MS)
For to perform both pyrolytic and oxidative decomposition.
Thermogravimetric analysis-infrared spectrometry (TG-IR)
The thermogravimetric analysis-infrared spectrometry (TG-IR) of the FPUF was performed using a Perkin-Elmer STA6000 and a Nicolet 6700 FT-IR using nitrogen and
air as carrier gases. About 8 mg of sample was put in a crucible and was heated from 25
to 600ºC with a heating rate of 30 ºC min -1 . The absorbance was measured from 4000 to 600 cm -1 . Figure 2 shows the TG results for FPUF with a heating rate of 10 ºC min -1 but with different initial mass, between 5 to 10 mg in inert atmosphere (N 2 ). In this figure, the weight fraction represents the ratio between the instantaneous sample mass (including residue formed and non-reacted initial solid) and the initial sample mass. In view of Figure 2 , it is deduced that the initial value mass has a very small effect in the decomposition process. It can also be confirmed that FPUF appeared to degrade in two stage processes [8] , one around 275 ºC and the other around 380 ºC, but [14] , consequently, the thermal degradation studies for FPUF have been carried out up to 600 ºC, to consider only the organic fraction. The weight loss due to CO 2 obtained from CaCO 3 degradation is around 5% of the total weight loss.
Results and discussion
Initial mass effect
Figure 2
A
Analysis of data obtained from the TG-IR.
The TG and DTG curves, obtained in the TG-IR experiments carried out at 30 ºC min -1 in nitrogen and air atmosphere, are shown in Figure 3 . It can be observed that the FPUF decomposes in two steps for an inert atmosphere, with DTG max at 300 and 397 ºC and in three steps for air atmosphere with DTG max at 300, 339 and 550ºC. Furthermore, the formation of CO 2 is confirmed by the peak at 2360 cm -1 , although another peak should have been detected around 2310 cm -1 , although its vibration region overlapped with ─NCO vibration region (around 2275 cm -1 ) [15] . Other peaks are located between 3400-3900 cm -1 and 1303-1625 cm -1 which suggest the presence of water vapours in the thermal decomposition gases [16] . These peaks indicate that the thermal degradation of FPUF in an inert atmosphere starts with the break of urethane bonds at low temperature. Rupture of hard segments is in accordance with the formation of great amounts of isocyanates (─NCO) and water vapor [17] .
On the other hand, at the second step Figure 4 (B), of thermal degradation (397 ºC) the peaks at 2973 cm -1 , 2931 cm -1 and 2877 cm -1 are associated to the stretching vibration of ─CH 3 , ─CH 2 and ─CH , respectively, and these peaks increase greatly with the temperature [18] . The other products exhibit the characteristic bands of CO 2 at 2366 cm -1
and 2327 cm -1 and the presence of carbonyl group in esters (─C═O) at 1745 cm -1 . Thus, the peaks at 910 cm -1 , 1375 cm -1 and 1452 cm -1 also indicate the formation of tert-butyl groups (─C─(CH 3 ) 3 ), in addition to the presence of different types of ethers shown by the peaks at 1662 cm -1 for the vinyl ethers, and the peaks at 1022 cm -1 and 1278 cm -1 for the symetric and asymetric absortion band of C─O─C in aryl alkyl ethers [17] . Finally, the strongest absorption peak is detected at 1108 cm -1 , which is due to the stretching vibration of C─O─C bond from ethers with high polarity. Therefore, in the second stage of the thermal degradation, the ether polyols obtained in the first stage, are decomposed to products with methyl, methylene, methine, C─O─C and carbonyl groups, and CO 2 . 3900 cm -1 is attributed to water vapor [16] . The gaseous products evolved for FPUF at 300ºC also exhibit characteristic bands of stretching vibration C-O-C groups from ethers at 1000-1313 cm -1 , carbonyl group in esters (─C═O) at 1745 cm -1 [17] and stretching vibration C-H at 2800-3000 cm -1 [19] . There are new bands, compared with those obtained in the pyrolysis experiment, such as 2111 cm -1 and 2167 cm -1 attributed to CO due to the excess of O 2 in the atmosphere [19] . At the second step, Figure 5 (B), of the thermal degradation of FPUF in an oxidative atmosphere, the presence of CO 2 was also detected as the main gas with the peaks at 669
cm -1 , 2331 cm -1 and 2364 cm -1 [16] . Furthermore, the characteristic absorption bands of 3400-3900 cm -1 for water vapor [16] , 1083 cm -1 and 1220 cm -1 for stretching vibration C-O-C groups from ethers [17] and 2881-2973 cm -1 stretching vibration C-H [19] have also been detected in this degradation stage. New peaks have been obtained at 339 ºC as the blend vibration N-H at 1531 cm -1 and 1592 cm -1 [20] , vinyl ethers at 1692 cm -1 and symmetric and asymmetric stretching vibration N-H at 3355 cm -1 [17] .
The TG-IR spectra obtained at the third step (550ºC) show that CO 2 As reported in other studies, it is possible to assume that during the degradation of FPUF in air (or synthetic air in this case), the third step corresponds to the combustion of the small fraction of carbon formed in the previous step [22] with only CO 2 (ion 44) as the main evolving product.
Concerning the graphs obtained studying the evolution of all the ions indicated In addition, TG-DTG runs were carried out in nitrogen atmosphere with dynamic+isothermal conditions. Figure 8 shows the curves obtained indicating the heating rate during the first period until reaching the temperature which is maintained constant during the isothermal period. Note that for these types of experiments the value of the weight fraction has been represented versus the time and not versus the temperature, because these runs take place in isothermal conditions. (Figure 9) . Normally, each maximum is associated with decomposition of a fraction or decomposition step. Three steps were also obtained by other authors [23, 24] who established that the first step corresponds to the decomposition of the urethane bond to obtain isocyanate monomers and polyols segments which are degraded during the second stage. The last step, about 500ºC, is the decomposition of the residue obtained in the previous stage to obtain the same final residue as that obtained in the pyrolysis decomposition. It means that at 600ºC, all the organic fraction in the FPUF has been degraded independently of the atmosphere employed.
Comparing the curves from inert and oxidative experiments carried out at 10ºC/min (Figure 13) , it can be observed that there is a concordance between pyrolysis and combustion at the first part, a difference in the second part and a new step appears at high temperatures in the combustion experiments (around 550ºC) related with the char combustion.
Furthermore, the second step, where the polyols segments are decomposed, is accelerated by the presence of the oxygen in the atmosphere. Consequently, the temperature of this stage is lower when the concentration of oxygen in the atmosphere increases.
Figure 13.
Kinetic model
Pyrolysis
By analyzing the TG results in nitrogen atmosphere, Figure 7 and Figure 8 , it can be observed that, at least, two pyrolysis reactions are taking place. Two consecutive pyrolytic reactions (Scheme 1.) are considered, in which the solid products obtained in the first reaction are degraded in the second reaction:
where 1inf v is the mass fraction of volatiles that can be obtained at infinity time from the reaction 1 and 2inf v is the mass fraction of volatiles of reaction 2.
The conversion degree in each reaction is defined as the ratio between the mass fraction of volatiles at any time ( i V ) and the mass fraction of volatiles at infinity time
The kinetic expressions performed in this model, follow the kinetic law for solid decomposition proposed by Font et al [25] . For the reaction 1 it can be written as:
and for reaction 2, as it is a consecutive reaction, the kinetic expression is:
It is assumed that the kinetic constant follows the usual Arrhenius dependence on temperature:
The volatiles obtained in each time, V, can be related to the conversion degrees, 1 α and 2 α , by equation 5.
( ) ( )
Conversely, from the TG analysis, the volatiles in each time can be calculated with the equation (6):
With the intention of obtaining a single set of parameters for the pyrolysis, the dynamics runs and dynamic+isothermal runs were correlated together.
The calculated values were obtained by integration of the differential equations presented previously by the Euler method. To minimize the differences between the experimental and calculated volatiles, we used the optimisation method of Solver function in Excel.
Two objective functions were considered, where all data obtained at different heating rates are included. 
Second objective function:
where M is the number of heating rates runs studied and J is the number of points in each run. This objective function was chosen to correct the effect of the different time derivatives of V at different heating rates. With this function the contribution of all the experiments in the objective function is similar.
In order to improve the convergence, and according to the previous study [26] , the optimisation was performed in terms of a "compatible kinetic constant" * The three dynamic and three dynamic+isothermal runs carried out in nitrogen atmosphere have been correlated together. The correlation parameters are shown in Table   3 :
The calculated results obtained using the kinetic parameters shown in the Table 3 (black line in Figure 7 and In view of the Table 3 , it can be observed that in the second reaction the mass of volatiles is higher than in the first reaction. Note that dynamic+isothermal runs were carried out to obtain a general model and decrease the great interrelation between the kinetic parameters.
A number of articles have estimated the kinetic properties of flexible polyurethane foam decomposition in nitrogen atmosphere using different kinetic models that in most cases consist of two consecutive reactions, at least. In Table 4 the results obtained from the literature are shown. It can be seen that the values of the kinetic parameters obtained in this study do not concur with those published in previous papers, which can be a consequence of the types of experiments employed for the kinetic study: dynamic and dynamic+isothermal. The trend of activation energy and pre-exponential factor observed in the kinetic parameters obtained in this study concurs with those proposed by Day et al.
[8] and Prasad et al. [27] , where these parameters are greater in the second reaction than in the first one.
A C C E P T E D M A N U S C R I P T
In most of the previous papers, the reaction order considered was 1 for the both the reactions, which is not really different from that the values optimised in this study.
However, Prasad et al. [27] considered the reaction orders as other kinetic parameters and the results obtained were close to those which we propose.
Combustion
The model proposed for the thermo-oxidative degradation of FPUF is presented in Scheme 2 where three consecutive reactions have been considered. The first reaction for this model is a pyrolytic reaction, as in the pyrolysis model, but a new set of parameters have been optimised for these conditions. Conversely, the second and third reactions include the effect of oxygen, which is responsible for the fact that the second degradation stage came on to lower temperatures than in the pyrolysis runs.
( )
Scheme 2
The kinetic equations for the two oxidative reactions were defined as:
Note that in the previous equations the kinetic constants are defined as 2 k ′ and 3 k ′ , in order to include the effect of the oxygen in the model. For this reason, the preexponential factor was defined as the combination of two terms; the first, the typical Arrhenius pre-exponential factor and, the second, the partial pressure of oxygen in the atmosphere raised to the power of the reaction order for the oxygen for these equations (see equation 13):
( ) The total volatiles calculated in this model were:
With the same expression for the objective functions that were employed in the pyrolysis, and using a compatible kinetic constant ( * i K ) to improve the convergence, the three dynamic runs and the three dynamic+isothermal runs carried out in N 2 :O 2 4:1 and N 2 :O 2 9:1 atmospheres, were correlated together, and after the optimisation process, the correlation parameters are shown in Table 5 :
The variation coefficient obtained is small, a value of 3.16%, taking into account that twelve different runs were simultaneously correlated with the same set of parameters.
The calculated and experimental weight loss curves have been plotted together in previous figures (Figure 9 to Figure 12) , where it can be seen that the experimental results were satisfactorily correlated.
In spite of the complex thermal degradation behavior of polyurethane foam, previous reports stated that the mechanism consisted of only a few global reactions. Ohlemiller et al. [29] proposed a two-step mechanism inside a physical-chemical model for the [9] employed the experimental data from one dynamic run of 5ºC/min in air to study the kinetic of thermal degradation and they considered that this degradation occurred between 230 and 300ºC. For this interval, they employed the Arrhenius equation to optimise the kinetic parameters. Chao and Wang [6] suggested a three step mechanism to describe the thermal degradation for FPUFs with three pyrolytic reactions in TG analysis. Branca et al. [24] studied the oxidative degradation of a rigid polyurethane foam under four different heating rates to obtain the kinetic parameters of three consecutive pyrolytic reactions where the reaction order for each reaction was one. After that, Rein et al. [31] proposed three reactions, two competitive reactions of oxidation and pyrolysis and the consecutive char oxidation, to simulate the experimental data from one dynamic run of 10ºC/min. The scheme considered by Rein et al. [31] is similar to the scheme selected in this study; nevertheless, the optimised parameters obtained in each case are different. The reaction order (n i ) and the activation energy have the same trend in both studies and the optimised values are similar, but the pre-exponential factor, the reactor order for the oxygen and the mass fraction of volatiles present important differences which can be a consequence of the scheme selected and the experimental data employed to do the correlation; the rang of experimental conditions considered in this study is more extensive than in the previous study.
The most complex mechanism was developed by Rein et al. [23] which considered that the thermal degradation of FPUF followed a five-step mechanism consisting of four They employed the thermogravimetric data from a single dynamic experiment with a heating rate of 20ºC/min and a genetic algorithm to obtain the kinetic parameters shown in Table 6 . As can be observed in Table 6 , they assumed that reactions 3 and 4 (the oxidation reactions of foam and β-foam) have the same kinetic parameters in order to obtain a mechanism as simple as possible. In this case, the comparison between the optimised parameters in each study is difficult due to the different schemes selected.
The kinetic model proposed in this study was obtained taking into account two different atmospheres and inside each atmosphere, the experimental data from six experiments both dynamic and dynamic+isothermal conditions. Therefore, this model can be applied to a great variety of experimental data and a wide interval of operating conditions.
Conclusions
Regarding the pyrolysis runs, a kinetic model with two consecutive reactions has been deduced. The experimental data of the 3 dynamic runs and 3 dynamic+isothermal runs can be simulated with the potential model for the two consecutive reactions, with apparent activation energies of 142 and 217.5 kJ/mol and reaction order of 0.805 and 1.146, respectively. It has been tested that the first decomposition step corresponds to the break of the urethane bond to obtain mainly isocyanates. In the second step however, the decomposition of ether polyols takes place, forming a residue similar to the ash formed in 
